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I.  INTRODUCTION 

During  the  course  of  the  contract  chemical  aspects  of  several 
propellants  and  explosives  were  investigated.  Employing  mass 
spectrometer  species  identification,  combustion,  decomposition  kinetics 
and  ignition  experiments  were  performed  to  determine  the  mechanisms 
and  reactions  of  several  energetic  materials.  Four  general  categories 
of  compounds  were  involved:  (1)  super  rate  and  plateau  burning 
propellants,  (2)  advanced  gun  propellant  candidates,  (3)  the  propellant 
and  explosive  compounds ,  1,3, 5-trinitrohexahydro-l ,  3 , 5-triazine  (RDX) , 
1,3, 5,7-tetranitro-l,3,5,7-tetraazacyclooctane  (HMX) ,  and 
1, 3, 5-triamino-2, 4 ,6-trinitrobenzene  (TATB) ,  and  (4)  a  new  series 
of  high  nitrogen  binder  materials. 

The  ignition  and  combustion  mechanisms  of  the  plateau  burning 
propellants  containing  lead  and  copper  salt  additives,  including  N-5 
and  HEX-12,  were  investigated.  These  were  double  base,  nitroglycerine 
nitrocellulose  propellants  with  approximately  2.5  to  5%  lead  additives. 

A  mass  spectrometric  analysis  of  the  thermal  decomposition  of  several 
metallic  organic  additives,  including  acetates,  salicylates  and 
resorcylates  of  lead,  copper,  silver  and  manganese  was  completed. 

The  results  of  this  work  have  been  previously  reported,  noted  in  Section 
IV.  as  A.l,  B.l,  and  C.l. 

Following  the  plateau  burning  propellant  investigations,  studies 
of  minimum  smoke  composite  and  double  base  propellants  containing 
lead  oxide  and  carbon  black  as  catalytic  ingredients  were  undertaken. 
Included  were  ammonium  perchlorate  and  HMX  composities ,  designated 
as  N1010,  N1013  and  N1016,  prepared  at  Thiokol's  Wasatch  Division, 
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and  a  doubie  base  formulation,  FZO,  from  Allegany  Ballistics 
Laboratory.  The  thermal  decomposition  of  RDX  was  also  determined. 
Results  of  these  studies  were  reported  earlier,  listed  in  Section  IV. 
as  A. 2,  B.2,  and  C.l. 

The  third  phase  of  the  program  included  investigation  of  advanced 
catalytic  double  base  formulation  gun  propellants  from  the  Naval 
Ordnance  Station,  Indian  Head.  Mass  spectrometric  experiments  were 
conducted  on  propellant  ignition  products  and  thermal  decomposition 
of  the  catalytic  lead  chelates  of  benzophenone,  alizarin,  and  chrysazin. 
Also  included  in  this  phase  of  studies  was  the  determination  of  the 
sublimation  and  thermal  decomposition  of  HMX  and  TATB.  The  results 
of  this  phase  have  been  presented  previously,  listed  in  Section  IV. 
as  B.3,  C.3  and  C.4. 

The  concluding  phase  of  the  program  during  the  past  year 
involved  (1)  completion  of  the  sublimation  and  thermal  decomposition 
of  HMX,  (2)  TATB  studies  by  Langmuir  and  Knudsen  effusion  mass 
spectrometry,  (3)  a  study  of  the  effects  of  high  energy  deposition  in 
fast  times  on  HMX  employing  a  field  emission  electron  beam  apparatus 
designed  and  constructed  by  scientists  at  this  laboratory,  and  (4)  the 
commencement  of  investigation  of  the  thermal  decomposition  of  a  new 
series  of  high  nitrogen  binder  materials  synthesized  at  various 
laboratories.  The  high  nitrogen  binder  materials  include  glycidyl 
azide  polymers  (GAP),  and  3, 3bis(azidomethyl)oxetane  (BAMO) . 
Preliminary  mass  spectrometric  thermal  decomposition  results  of  GAP 
are  presented  in  Section  III. 
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The  following  sections  of  this  report  include  discussions  of 
the  field  emission  electron  beam  energy  deposition  system,  the  results 
of  fast  time  high  energy  depositions  on  HMX,  and  the  thermal 
decomposition  of  high  nitrogen  binder  materials,  as  well  as  a  list 
of  publications,  reports,  and  presentations  at  scientific  meetings. 
Details  of  the  HMX  and  TATB  studies  are  presented  in  Appendix  I 
and  Appendix  II,  respectively,  which  are  preprints  of  articles  in  the 
process  of  publication. 

II.  FIELD  EMISSION  ELECTRON  BEAM  ENERGY  DEPOSITION  STUDIES 
A.  Introduction 

In  order  to  deposit  a  higher  energy  than  that  obtainable 

by  conventional  heating  a  field  emission  electron  beam  (E-beam) 

1-3 

system  was  designed  and  constructed  at  this  laboratory.  This 
apparatus  allows  energy  depositions  of  as  much  as  2  joules  at  100,000 
volts  in  short  times  on  the  order  of  60  to  100  nanoseconds .  When 
the  maximum  energy  deposition  obtained  from  100  keV  electrons  is 
employed,  temperatures  as  high  as  20,000  K  and  pressures  of  over 
300  atmospheres  are  produced.  The  vapor  released  upon  deposition 
of  the  E-beam  energy  arrives  at  the  source  of  a  quadrupole  mass 
spectrometer  in  a  few  microseconds .  In  these  short  times  any  vapor 
originating  from  the  sample  does  not  have  sufficient  time  for  recombina¬ 
tion  and  thus  mass  spectrometer  identification  indicates  the  species 
leaving  the  target  surface.  The  relatively  low  voltages  of  50  to  100  kV 
allows  the  electrons  to  only  penetrate  the  sample  area  a  very  short 
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distance,  0.01  -  0.1  mm,  thereby  creating  conditions  for  maximum 
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vaporization.  The  shallow  penetration  of  the  electrons  produces  vapor 
species  similar  to  those  from  high  power  pulsed  lasers. * 

After  assembly  of  the  complete  system.  E-beam 
deposition  experiments  were  performed  on  HMX  samples .  The  following 
sections  describe  the  theory,  apparatus,  and  results  obtained. 

B.  Theory 

The  energy  deposited  in  a  short  interval  of  time  must 
theoretically  equal  the  energy  absorbed  in  various  components  as 
a  result  of  this  deposition. 

£ 

deposited 


/ 


G  dT 
P 


+  ^blow-off  material  +  ^(radiation) 


(1) 


where 


^deposited  “  tbe  tota*  er*er9Y  delivered  by  the  E-beam 
pulse  unit  to  the  target; 


CpdT  is  the  enthalpy  rise  in  the  target; 

KEblow-off  material  is  the  energy  received  both  the 
vapor  species  and  the  solid  or  liquid  blow-off  material;  and 

bw (radiation)  is  tbe  ener9V  l°st  due  to  radiation. 

Likewise,  momentum  must  be  conserved,  and  therefore  the 
impulse  accorded  to  the  target  equals  the  summation  of  the  impulse 
blow-off  materials; 


1  '  5}v»  + 


(2) 
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where 


I  =  total  impulse  received  by  the  target; 

^  ^mqvq  =  sum  momentum  of  all  gaseous  species;  and 
£msvs  =  momentum  of  solid  or  liquid  spall. 

The  obtaining  of  experimental  data  for  the  various  components 
including  (1)  E,  the  total  energy  deposited,  (2)  I,  the  impulse, 

(3),  m,  the  total  mass  loss,  (4)  m^,  the  composition  of  the  vapor 
including  neutral  and  ionic  species,  (5) J'c^dl ,  the  enthalpy  rise 
in  the  sample,  (6)  v  ,  the  velocity  of  the  gaseous  and  ionic  species, 
and  (7)  hu  ,  the  radiation  lost  during  the  pulse  will  allow  the  solution 
of  the  energy  and  impulse  equations. 

C .  Experimental  Apparatus  and  Procedures 

The  experimental  apparatus  consists  of  several  primary 
units  including  a  pulse  unit,  a  field  emitting  source,  a  vacuum 


electrobalance,  photo  cell  radiation  detectors,  sample  enthalpy 
measuring  unit,  and  a  quadrupole  mass  spectrometer.  Figure  1  is  a 
schematic  diagram  showing  the  complete  assembly  of  this  apparatus. 
Figure  2  is  a  cut-away  diagram  of  the  vacuum  chamber  in  which  the 
various  components  are  shown.  A  brief  description  of  the  components 
is  presented  below. 

1 .  Pulse  Unit 

The  pulser  (Femco  Model  730-231)  is  based  on  the 
Cockroft -Walton  technique  in  which  an  array  of  capacitors  (plus  pulse 
shaping  inductors)  is  charged  in  parallel  and  then  discharged  in  series, 
through  spark  gaps,  to  give  an  output  voltage  pulse  which  is  a 
multiple  of  the  charging  voltage.  This  pulser  is  designed  to  be  charged 
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Figure  2.  Vacuum  Chamber  Showing  Field  Emitting  Cathode  and  Target 


to  30  kV  and  to  deliver  105  kV  peak  voltage  when  discharged  into  a 
75  ohm  coaxial  cable  correctly  terminated.  The  discharge  is  initiated 
by  a  high  voltage  pulse  applied  to  a  triggered  spark  gap.  The  range 
of  charging  voltage  is  determined  by  pressurizing  the  spark  gap 
chamber  with  dry  nitrogen.  In  order  to  protect  the  pulser  from  reflected 
voltage  pulses  the  coaxial  cable  is  terminated  with  a  spark  gap  in 
parallel  with  the  emitter. 

The  pulse  current  is  measured  with  a  coaxial 
resistor.  The  current  viewing  resistor  is  connected  directly  to  the 
vertical  diffraction  plates  of  an  oscilloscope.  The  impedance  of  this 
resistor  is  approximately  0.043  ohms  and  the  vertical  deflection 
sensitivity  of  the  oscilloscope  is  50  V/ cm.  The  voltage  traces  are 
made  employing  a  Jennings  capacitor  network  consisting  of  a  high 
voltage  vacuum  divider  and  a  vacuum  capacitor  supplying  a  voltage 
division  of  675/1. 

2  .  Field  Emitting  Source 

The  field  emission  arrays  are  patterned  after  the 
field  emitters  of  W.  P.  Dyke  {U.  S.  Patent  3,283,203).  These  devices 
contain  arrays  of  microscopic  field  emitting  points  and  produce  electron 
beams  directly  onto  an  external  target.  The  field  emitters  employed  are 
arrays  of  short  molybdenum  wires,  0.05  mm  dia .  (.002"  dia .) 
electropolished  in  sodium  hydroxide  solution  to  form  points  with 
diameters  of  .01  mm  or  less.  The  mounting  of  the  field  emitting  cathode 
and  target  are  shown  schematically  in  Figs.  1  and  2.  The  probe  is 
placed  such  that  the  target  surface  is  on  the  axis  of  the  mass  spectrometer 
(horizontal)  and  on  the  axis  of  the  vertical  port  which  is  used  for  the 
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mass-loss  balance.  The  coaxial  probe  consists  of  an  outer  conducting 
tube  of  1  1/4”  dia.  and  an  inner  conducter  of  3/8"  dia.  The  side 
tube  is  7/8"  dia.  with  and  inner  conducter  of  1/4"  dia.  These  dimensions 
(with  vacuum  insulation)  correspond  closely  with  a  characteristic 
impedance  of  75  ohms,  the  impedance  of  the  high  voltage  pulser  and 
cable.  The  spacing  of  inner  and  outer  conducters  is  maintained  by 
glass  insulators  designed  to  resist  flash-over. 

The  spacing  of  the  emitter  in  relation  to  the  target 
is  governed  by  space  charge  limitations,  system  impedance,  and 
beam  energy  components .  Since  the  impedance  of  the  pulser  and  the 
impedance  of  the  transmission  cables  is  75  ohms,  it  is  necessary  to 
provide  a  field  emitter  impedance  of  75  ohms  to  obtain  maximum  deposition 
of  the  pulse  energy.  The  field  emission  across  the  discharge  is  controlled 
by  the  electron  distribution  through  a  plasma  as  given  by  the  equation 


t  _  2.33  x  10~6  x  A  x  V3/2 
1  ~  2 


from  which  the  impedance,  Z,  can  be  calculated 


2 

where  I  is  current  in  amperes/mm  ;  V  is  voltage  in  volts;  Z  is  impedance 

in  ohms;  d  is  spacing  between  needles  and  sample,  mm;  and  A  is  target 
2 

area,  mm  .  This  allows  a  fairly  accurate  calculation  of  the  spacing 
of  the  needle  area  and  target  to  obtain  a  matched  impedance.  The 
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field  emission  area  is  approximately  2  square  millimeters  and  the 
distance  from  the  target  is  slightly  under  1  millimeter. 

3 .  Mass  Measurements 

A  Cahn  electro  microbalance  is  employed  for  the 
measurement  of  the  mass  losses.  This  balance,  having  a  sensitivity 
of  .05  micrograms,  is  installed  as  an  integral  part  of  the  apparatus 
in  the  high  vacuum  enclosure.  A  schematic  is  presented  in  Fig.  3. 

Changes  in  sample  weight  cause  the  beam  to 
deflect,  momentarily.  This  motion  changes  the  ph  :ube  current, 
which  is  amplified  and  applied  to  the  coil  attached  to  the  beam.  The 
coil  is  in  a  magnetic  field,  so  current  through  it  exerts  a  moment  on 
the  beam,  restoring  it  to  balance.  The  coil  current  is  thus  a  measure¬ 
ment  of  sample  weight,  in  accordance  with  Ampere's  Law.  The  self¬ 
centering  elastic  ribbon  suspension  eliminates  friction,  and  defines 
the  axis  of  rotation.  Variations  in  ribbon  rotational  stiffness  as  a  result 
of  temperature  and  age,  and  hysteresis  do  not  affect  balance  readings 
as  they  would  in  torsion-type  balances,  due  to  the  very  small  angle 
of  rotation,  and  since  readings  are  always  made  at  the  same  angular 
position. 

The  symmetrical  beam  construction  permits  taring 
of  heavy  containers,  or  the  fixed  part  of  the  sample  weight,  by 
counterposing  on  loop  C.  This  permits  finer  precision  as  a  fraction  of 
total  load  than  would  be  possible  with  electrical  taring  only,  down  to 
finer  than  one  part  per  million.  Use  of  a  phototube  to  detect  beam 
position  ensures  that  the  detector  cannot  exert  any  force  on  the  beam. 
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The  electrobalance  does  not  require  any  kind  of  "gain"  or  "damping" 
control.  The  same  high-gain  feedback  system  also  speeds  up  balance 
response  many  fold  over  what  it  would  be  without  the  feedback. 

4.  Enthalpy  Rise 

The  heat  rise  in  the  target  sample  is  measured 
by  a  sensitive  iron -con stantan  thermocouple  array  located  inside 
the  body  of  the  target.  The  sensitivity  for  a  six-thermocouple  array 
is  0.001  C.  The  background  pressure  in  the  vacuum  chamber  during 
all  the  experiments  is  10  torr. 

5.  Radiation  Effect 

Although  the  energy  released  as  radiation  is  small 

compared  to  the  total  energy  released  (less  than  1%) ,  the  radiation 

measurement  may  be  an  indication  of  "first  light"  of  propellant  or 

explosive  decomposition.  A  photomultiplier  and  blue  and  red  photocells 

are  used  for  the  determination  of  the  radiation  released  during  an 

E-beam  deposition.  The  biue  and  red  cell  responses  as  shown  in 

-8 

Fig.  4  correspond  to  only  10  joules  of  energy,  which  is  negligible 
to  the  total  energy  released. 

6.  Quadrupole  Mass  Spectrometer 

The  mass  species,  both  ionic  and  molecular, 

resulting  from  blow-off  are  quantitatively  identified  by  means  of  a 

quadrupole  mass  spectrometer  attached  to  the  vacuum  chamber  at 

distances  of  30  and  100  cm  from  the  target.  The  mass  spectrometer 

-14 

has  a  resolution  of  500  and  a  sensitivity  of  10  torr  for  N2  when 
an  electron  multiplier  is  used  in  conjunction  with  an  electrometer 
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Fig.  4.  S4  and  SI  Photocell  Response 
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amplifier. ^  The  quadrupole  probe,  mounted  on  a  4"  Ultek  flange, 
is  a  compact  unit  which  can  be  inserted  9"  into  the  vacuum  chamber 
(Figs .  1  and  2) . 

The  quadrupole  mass  filter  accepts  a  much  wider 
distribution  of  transverse  velocities  than  does  the  time-of-flight, 
for  similar  resolution.  Photons,  neutral  species,  and  ions  will  be 
detected  by  the  electron  multiplier.  Photons  and  neutral  molecules 
will  pass  through  the  quadrupole  if  they  possess  sufficient  energy  and 
enter  parallel  to  the  poles.  The  time  and  point  of  injection,  and  the 
direction  and  magnitude  of  the  initial  velocity  will  have  no  important 
effect  on  the  resolution  of  the  quadrupole  mass  filter.  The  instrument 
is  insensitive  to  RF  radiation  and  other  electrical  noises .  As  a 
precautionary  measure,  the  radiation  of  RF  into  the  room  is  eliminated 
by  the  use  of  a  grounded  shield  completely  surrounding  the  electronic 
equipment  which  is  used  to  generate  the  high  voltage  electron  emission. 
Ground  loop  currents  are  also  eliminated  such  that  a  few  ions  per 
second  arriving  at  the  electron  multiplier  can  be  detected. 

D.  RESULTS  AND  DISCUSSION 

1 .  E-Beam  Parameters  and  Diagnostics 

Energy  deposition  in  the  megawatt  range  were  made 
on  the  sample  target  in  times  of  less  than  100  nanoseconds.  A  typical 
E-beam  diagnostic  is  shown  in  Fig.  5.  The  profiles  of  the  voltage, 
current  and  power  are  shown  graphically,  as  reproduced  from  the  actual 
oscilloscope  tracings,  as  shown  in  Fig.  6.  Figure  7  depicts  the  energy 
deposited  as  a  function  of  the  input  voltage  from  50  to  100  kV. 
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Energy  deposited  =  1.78  Joules 


1 


Current 

145.6  amperes/mm 
22.2  x  10  9  sec/mm 


Voltage 

37  60  volts/ mm 

22.2  x  10  9  sec/mm 


Fig,  6.  Current-Time  and  Voltage-Time  for  100  kV 
Charging  Voltage  (Dummy  Load) 
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Fig.  7  .  Energy  Deposited  vs.  Nominal  Input  Voltage  for  Aluminum 


The  actual  penetration  of  50  to  100  keV  electrons  is  very 
4 

small.  According  to  Spencer,  million-volt  electrons  will  penetrate 

carbon  samples  to  depths  of  a  centimeter  or  more,  whereas  50  to 

100  keV  electrons  can  only  penetrate  a  target  a  fraction  of  a  centimeter. 

For  example,  a  50  keV  electron  will  penetrate  a  carbon  target  to  a 

-2 

depth  of  2.2  x  10  mm.  Thus  the  adsorption  of  the  electrons  on 
the  top  layers  of  the  target  produce  very  high  temperatures  and 
pressures.  On  the  surface,  initial  temperatures  and  pressures  as 
high  as  20,000  K  and  300  atmospheres  are  produced.  At  a  distance  of 

1  mm  from  the  surface  the  pressure  is  20  atmospheres,  which  rapidly 

"6 

decays  to  10  atmospheres  at  a  distance  of  1  meter  from  the  surface. 
The  resultant  vapor  species  are  kinetic  and  not  in  thermodynamic 
equilibrium.  Figure  8  shows  the  vapor  species  produced  from  E-beam 
depositions  on  amorphous  carbon.  At  the  lower  fluences  the  concentra¬ 
tion  of  the  species  tends  toward  the  equilibrium  values . 

A  number  of  experimental  checks  were  made  to  determine 
the  validity  of  the  technique.  These  included:  (1)  radiative  and 
atomic  recombination,  and  (2)  the  effects  of  the  electric  field,  the 

magnetic  field  and  hydrodynamics  on  the  species  and  ion  velocities. 

1  3 

These  have  been  discussed  in  detail  previously.  '  These  experiments 
established  that  the  species,  as  determined  mass  spectrometrically , 
were  those  produced  from  E-beam  energy  deposition,  and  not  from 
recombinations  of  atomic  and  molecular  species  in  the  plasma. 

2 .  E-Beam  Depositions  on  HMX 

The  sublimation  and  vacuum  thermal  decomposition 
studies  on  HMX  have  been  completed  (see  Appendix  I)  and  a 
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decomposition  mechanism  involving  the  ring  cleavage  of  HMX  into 
two  equal  fragments 


NO, 
I  2 


H2 

H.C  -  N  -  C  -  N  -  NO„ 

2  i  i  I  2 


NO, 


148  amu 


as  the  primary  mode  of  thermal  decomposition  has  been  derived. 

The  148  amu  fragments  undergo  further  decomposition  to  numerous 
small  fragments . 

In  order  to  determine  the  molecular  decomposition  at 
high  energy  depositions  in  fast  times,  HMX  samples  were  investigated 
in  the  E-beam  apparatus.  The  sample,  which  weighed  approximately 
5  mg,  was  placed  in  a  hole  approximately  10  square  mm  in  area  and 
1  mm  deep  drilled  in  a  1  square  cm  carbon  block.  The  E-beam  was 
operated  at  a  voltage  of  50  keV.  The  beam  deposition  time  was 
approximately  0.1  microseconds.  An  electron  beam  current  of  over 
1000  amperes  deposited  0.5  joules  of  energy  on  the  HMX  sample. 

Thus  the  entire  0.5  joules  of  energy  were  deposited  on  a  very  small 
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mass  of  HMX,  producing  a  high  temperature  and  a  considerable 
quantity  of  vapor  species. 

The  electrons  arrive  at  the  mass  spectrometer  (a 
distance  of  30  cm)  within  a  microsecond  after  the  E-beam  pulse. 

The  horizontal  scale  in  Fig.  9  is  1  yusec/cm  and  shows  the  decay 
curve  of  the  electrons  reaching  the  mass  spectrometer.  Figure  10 
depicts  the  amu  148  peak  arriving  at  the  mass  spectrometer  40 
microseconds  after  pulse.  The  vertical  scale  is  20  mv/div  as 
compared  to  1000  mv/div  for  the  scale  in  Fig.  9. 

The  HMX  molecules  can  also  be  seen  at  amu  296  in 
Fig.  11.  In  addition  to  the  148  and  296  amu  peaks,  numerous  smaller 
peaks  were  apparent,  as  well  as  ionic  species.  When  the  ionization 
chamber  of  the  mass  spectrometer  is  turned  off  the  ions  produced 
are  observed.  The  E-beam  results  support  the  data  obtained  in  the 
vacuum  decomposition  studies. 

III.  THERMAL  DECOMPOSITION  OF  HIGH  NITROGEN  BINDER  MATERIALS 
Recent  synthesis  efforts  have  been  successful  in  producing 
energetic  binding  materials  containing  a  high  percentage  of  nitrogen. 

Azide  groups  have  been  used  in  glycerine  type  molecules  to  form 
fairly  stable  polymeric  species.  Several  of  these  compounds  and 
polymers,  synthesized  at  various  laboratories,  containing  single  and 
double  azide  groups  have  been  received.  The  first  to  be  investigated 
was  a  sample  of  glycidyl  azide  polymer,  GAP, 
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Fig.  9.  Intensity-time  photograph  of  50  keV 
E-beam  deposition. 

Initial  electron  cloud  from  E-beam 

arriving  at  the  mass  spectrometer 

within  1  yjsec. 
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Fig.  10.  Intensity-time  photograph  of  50  keV 
E-beam  deposition. 

The  amu  148  decomposition  fragment 
arriving  at  the  mass  spectrometer  within 
40  ^isec  after  E-beam  deposition. 


Fig.  11.  Intensity-time  photograph  of  50  keV 
E-beam  deposition  on  HMX. 

The  29  6  (HMX)  molecule  arrives  at  the 
mass  spectrometer  within  50  psec  after 
E-beam  deposition. 


r  n3 

r 

H  CH, 

\  I 

HO  -  C  -  C  -  O 

I  I 

L  H  H 

Preliminary  thermal  decomposition  studies  on  GAP  were  commenced 
employing  the  dual  vacuum  mass  spectrometer  system.  Initial 
experiments  were  performed  to  determine  the  manner  of  polymer 
decomposition.  The  first  species  to  arrive  at  the  mass  spectrometer 
upon  heating  the  sample  was  molecular  nitrogen,  indicating  that  the 
azide  group  is  the  first  *;>  decompose.  Figure  12  shows  the  relative 
intensities  of  N2  as  a  function  of  the  effusion  cell  temperature. 

At  approximately  120  C  GAP  begins  to  lose  N2  and  the  rate  of  evolution 
increases  with  temperature  . 

A  secondary  phase  of  decomposition,  the  breaking  of  the 
organic  backbone,  takes  place  at  approximately  170  C,  with  the 
release  of  an  amu  30  species.  Figure  13  shows  the  mass  spectra 
of  this  phase  of  the  decomposition.  The  30  amu  molecule  may  be 
formaldehyde,  H2CO,  appearing  from  the  fracturing  of  the  glycidyl 
chain  of  the  GAP  molecule.  The  temperatures  given  in  Fig.  12  and 
Fig.  13  are  those  of  the  cell  and  should  be  considered  as  approximate. 
Future  experiments  will  entail  more  precise  temperature  measurements 
with  thermocouples  imbedded  within  the  polymer  as  well  as  in  the 
wall  of  the  cell.  From  the  decomposition  products  observed  it  is 
expected  that  a  thermal  decomposition  mechanism  and  an  energy  of 
activation  value  can  be  derived. 
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secondary  decomposition  of  GAP,  indicating  a  breakdown  of  the  organic 
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APPENDIX  I 


THERMAL  DECOMPOSITION  OF  1,3,5, 7-TETRANITRO- 1,3,5 , 7-TETRAAZACYCLOOCTANE 

(HMX) 


Milton  Farber  and  R.D.  Srivastava 
Space  Sciences,  Inc, 
Monrovia,  California 


The  sublimation  and  thermal  decomposition  of  HMX  were  studied 
experimentally  by  means  of  Langmuir  evaporation  and  effusion  mass 
spectrometry  in  the  temperature  range  175  to  27  5  C,  The  Langmuir 
evaporation  mass  spectrometry  results  indicated  simultaneous  sublimation 
and  thermal  decomposition  of  HMX.  In  addition  to  HMX,  the  major 
decomposition  product  observed  was  the  C2H4N404  (148  amu) 
molecule.  Gas  phase  decomposition  within  the  effusion  cell  produced 
numerous  smaller  molecules  and  free  radicals.  In  all  cases  these 
were  derivable  from  the  further  decomposition  of  the  148  amu  molecule. 

No  peaks  at  249  or  250  were  observed,  indicating  that  HMX  does  not 
initially  decompose  by  splitting  off  an  N02  group  nor  that  elements  attached 
to  the  ring  migrate  to  adjacent  groups  to  split  off  HN02.  An  activation 
energy  of  175  kj/mol  (42  kcal/mol)  was  obtained  for  the  thermal 
decomposition  of  HMX  in  the  effusion  cell  experiments.  The  Langmuir 
experiments  showed  that  the  primary  mechanism  for  the  thermal 
decomposition  is  ring  cleavage  to  two  equal  148  amu  species. 


INTRODUCTION 

Several  mechanisms  for  the  thermal  decomposition  of 

1 »  3, 5, 7-tetranitro-l ,  3 , 5 , 7-tetraazacyclooctane  (HMX)  have  been 

proposed.  These  include  ring  cleavage  of  the  C— N  bonds,  splitting 

1  2 

off  NO2  groups  and  atomic  migration  from  ring  attached  groups.  ' 

To  obtain  a  clearer  definition  of  the  mechanisms,  the  sublimation  and 
thermal  decomposition  of  HMX  in  the  temperature  range  175  to  275  C 
were  investigated  mass  spectrometricaliy  at  this  laboratory.  Two 
techniques,  the  Langmuir  evaporation  and  the  effusion,  were  employed 
in  these  studies.  This  allowed  the  initial  gas  phase  products  to  be 
observed  within  a  few  microseconds,  as  well  as  observation  of  further 
decomposition  products  produced  within  effusion  cell  reactions .  Several 
experimental  precautions  were  taken  to  ensure  that  the  gaseous  products 
observed  were  from  parent  precursors  and  not  from  electron  impact  within 
the  ionization  chamber  of  the  mass  spectrometer.  The  identification  of 
the  products  in  short  times  allowed  a  proposed  mecha.  ism  for  HMX 
thermal  decomposition, 

EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

The  sublimation  and  thermal  decomposition  studies  of  HMX  were 
conducted  by  both  the  effusion-mass  spectrometric  and  the  Langmuir 
evaporation-mass  spectrometric  methods.  In  the  effusion  experiments 
the  material  is  placed  within  an  effusion  cell  having  a  small  orifice 
(less  than  1  mm  diameter)  which  allows  the  pressure  of  the  gas  produced  from 
evaporation  or  decomposition  to  be  much  higher  (three  or  more  orders  of 
magnitude)  within  the  cell  than  the  surrounding  vacuum  (see  Fig.  1)  ,  The 
gas  products  collide  with  each  other,  the  cell  walls  and  with  the 
condensed  phase  many  times  prior  to  their  effusing  from  the  cell  into 
the  mass  spectrometer  chamber.  This  may  cause  secondary  decomposition 
and  fragmentation. 

The  evaporation  (Langmuir)  method  is  one  in  which  the  material  is 
heated  within  the  main  vacuum  chamber  and  allowed  to  enter  the  mass 
spectrometer  chamber  without  further  decomposition  or  collision  with 
other  gaseous  molecules. 
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H 


Details  of  the  dual  vacuum  chamber-quadrupoie  mass  spectrometer 

system  (Fig.  1)  used  in  these  experiments  have  been  presented 
3 

previously.  The  samples  were  contained  in  an  alumina  effusion  cell 
25  mm  long,  with  an  inside  diameter  of  6.8  mm;  an  elongated  orifice 
0.75  mm  in  diameter  by  5.5  mm  long  was  employed  for  beam  collimation. 
The  cell  was  positioned  within  5  cm  of  the  ionization  chamber  of  the 
mass  spectrometer,  allowing  species  leaving  the  solid  or  liquid  surface 
to  be  measured  within  10  microseconds.  The  alumina  cell  was  heated 
by  a  resistance  furnace  and  temperature  measurements  were  made  by 
means  of  thermocouples  imbedded  in  the  cell  body.  The  ion  intensities 
were  identified  by  their  masses,  isotopic  distributions,  and  appearance 
potentials.  The  method  of  determining  the  mass  spectrometer  resolution, 
as  well  as  the  measurement  of  the  isotopic  abundance  ratios,  has  been 

4 

presented  previously.  The  resolution  of  the  mass  spectrometer  is 
127  254 

1  in  500.  I  and  ^  were  employed  for  amu  calibration.  All 
quadrupole  experimental  mass  discrimination  effects  were  taken  into 
account  and  the  necessary  corrections  to  ion  intensity  pressure  relation¬ 
ships  were  made.  Only  the  chopped,  or  shutterable,  portions  of  the 
intensities  were  recorded,  since  the  mass  spectrometer  was  equipped 
with  a  beam  modulator  and  a  phase  sensitive  amplifier.  Ion  currents, 
which  originated  from  species  in  the  molecular  beam,  appeared  as  a 
30  c/s  square  wave  while  background  gases  continued  to  exist  as  a 
d.c.  current.  An  a.c.  current  could  be  observed  in  a  d.c.  signal  1000 
times  greater. 

It  was  necessary  to  ascertain  with  a  high  degree  of  confidence 

that  the  measured  ion  intensities  were  those  from  the  parent  species  and 

not  from  the  fragments  of  the  larger  molecules.  Therefore,  the  mass 

spectrometer  was  operated  at  an  ionizing  voltage  1  to  2  eV  above  the 

appearance  potential,  which  in  nearly  all  cases  allows  only  the  formation 

of  the  ion  from  the  parent  species  since  a  fragmentation  process  occurs 

5*8 

at  higher  ionization  voltages .  The  ionization  energies  employed  were 
between  14  and  18  eV, 

The  formation  of  an  ion  from  its  parent  precursor  requires  a  lower 
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ionization  energy  than  for  an  ion  formed  from  fragmentation  of  a  larger 
molecule.  For  example,  to  produce  N02+  from  (CH^NNC^  (14.6  eV) 
requires  approximately  5  eV  more  than  from  NC>2  — *  N02+  ^.75  eV)  ^ 

High  electron  impact  energies  can  produce  species  within  the 
mass  spectrometer  that  are  not  related  to  the  combustion  processes. 

Figure  2  illustrates  this  effect  on  HMX  decomposition  products.  At  an 
energy  of  50  eV  a  number  of  peaks  are  seen,  which  disappear  at  30  eV. 

The  fragmentation  of  the  nitramine  ring  requires  a  higher  electron  impact 
energy  than  that  required  for  the  removal  of  a  group  attached  to  the  ring 
by  a  single  bond.  The  formation  of  ions  within  the  ionization  chamber 
of  the  mass  spectrometer  is  shown  in  Fig.  3.  NC>2+  and  N20+  are 
produced  at  electron  energies  above  20  eV.  Thermal  effects  on  the  ionization 
processes  are  negligible  in  the  temperature  range  of  these  studies. 

RESULTS 

As  reported  in  the  previous  section,  the  sublimation  and  thermal 

decomposition  of  HMX  were  studied  in  the  temperature  range  175  to 

275  C  by  means  of  the  Langmuir  evaporation  and  effusion  methods, 

and  species  produced  were  identified  mass  spectrometrically. 

These  experiments  showed  sublimation  taking  place  at  temperatures 

as  low  as  175  G.  Results  from  fairly  low  temperature  effusion  cell 

measurements  by  Rosen  and  Dickinson^  and  by  Crookes  and  Taylor*1 

indicate  that  HMX  evaporates  without  appreciable  decomposition.  Rosen 

and  Dickinson  reported  a  vapor  pressure  range  of  10  11  to  10  1(1  atm 

in  the  temperature  range  98  to  130  C,  and  Crookes  and  Taylor  determined 

-7  -5 

vapor  pressure  data  varying  from  10  to  10  atm  in  the  temperature 

range  188  to  213  C.  Our  cell  evaporation  and  decomposition  pressures 
-7  -3 

varied  from  5  x  10  to  5  x  10  atm  in  the  temperature  range  175  to  275  C. 

The  Langmuir  evaporation  experiments  of  HMX  indicated 
sublimation  and  thermal  decomposition  occurring  simultaneously.  An 
example  of  these  results  is  presented  in  Fig.  4,  which  shows  relative 
concentrations  of  the  HMX  molecule  at  296  amu  and  its  decomposition 
product  at  148  amu.  No  other  fragments  were  observed  from  the 
decomposition  of  HMX,  which  was  directly  heated  in  vacuum. 

The  effusion  experiments  allowed  further  decomposition  of  the 
gas  phase  molecules  as  a  result  of  numerous  reactions  with  the  walls 
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and  with  the  condensed  phase.  Between  175  and  200  C  the  sublimation 
of  HMX  was  predominant.  Figure  5  shows  the  relative  intensity  of 
HMX  at  200  C,  with  a  smaller  relative  concentration  appearing  at 
222  amu.  As  the  temperature  approached  225  C  considerable  decomposition 
occurred  (Figs.  6  and  7).  Relative  concentrations  at  148,  128,  120, 

102,  74  and  56  amu  are  depicted  in  Fig.  6.  The  peaks  appearing  in  the 
low  18  to  46  amu  range  are  shown  in  Fig.  7. 

DISCUSSION 

The  direct  evaporation  in  vacuum  (Langmuir  experiments)  allowed 
any  species  derived  from  the  condensed  phase  to  enter  the  mass 
spectrometer  without  prior  collision  with  any  other  species  or  with 
the  surface  area.  From  these  experiments  the  mechanism  proposed  for 
the  primary  mode  of  solid  phase  HMX  decomposition  is  ring  cleavage,  as 


NO„ 
I  2 


no2 


296  amu 

The  148  amu  fragment  may  form  a  more  stable  molecule  by  the  joining  of 
the  split  C  and  N  bonds,  resulting  in 

— »•  2  H0C  -  N-  NO, 

2|  j  2 

no2  -  N  -  ch2 
148  amu 
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The  products  of  sublimation  and  decomposition  within  the  effusion 
ceil  undergo  further  decomposition  to  form  the  products  shown  in 
Figs  .  6  and  7  . 

The  effusion  cell  decomposition  products  shown  in  Fig.  5 
include  a  small  relative  quantity  of  a  molecule  or  radical  at  222  amu. 

This  would  indicate  a  decomposition  mode  as 


NOz  -  N 


N  -  NO, 


H!CVf/CJ2 

NO„ 


296  amu 


222  amu 


+  H2C  =  N-N02 
74  amu 


The  peaks  shown  in  Figs.  6  and  7  may  result  from  further  decomposition 
of  the  major  product  at  148  amu  through  collisions  within  the  cell.  The 
reaction  scheme  is  either 


H, 


H, 


H0C  -  N  -  C  -  N  -  NO, 

2|  |  I  2 

N07 


H0C  -  N  -  C  -  N  - 
2|  I  I 

NO, 


+  NO, 


148  amu 


102  amu 


or,  from  the  bond  closure  molecule, 


H0C  -  N  -  NO, 

2,,  2 

no2  -  n  -  CH2 


h7c  -  n  -  no7 
2 1  I  2 
-  N  -  CH„ 


+  NO, 
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The  102  fragment  splits  off  another  NC>2  group,  yielding 


h2  , 

H2C  =  N  -  C  -  N 


56  amu 

which  can  rearrange  to  form  a  more  stable  resonating  molecule, 

H 

I 

HN  =  C  ~  N  ■=.  CH2 
56  amu 

This  molecule  can  split  to  produce  two  H2C  =  N-  radicals.  The  148  amu 
fragment  can  also  split  into  two  equal  stable  molecules, 


H2 

H7C  -  N  -  G  -  N  -  NO, 
2  I  I  I  2 

NO„ 


2  H2C  =  N-NC>2 


148  amu 


74  amu 


The  peaks  at  120  amu,  CH2N20^,  and  at  128  amu,  C2H2N^C>2,  are 

apparently  produced  in  the  effusion  cell  as  a  result  of  the  reaction  of 

the  gaseous  products  with  the  condensed  phase  and  with  each  other. 
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These  peaks  have  also  been  observed  by  Goshgarian,  Stals ,  and 

o  *  ,  13 

Suryanarayana ,  et  al. 

Goshgarian1  has  postulated  the  formation  of  the  128  amu  peak  as 
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The  peak  at  120  amu  has  been  postulated  by  Stals  as  ring 
migration  of  the  N02  group, 


NO, 
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NO, 


NO, 


H~C  -  N  -  NO.  +  H0CN 

4  *  4  2 


120  amu 


28  amu 


148  amu 


Stals  also  indicated  that  the  formation  of  the  132  peak  results  from  the 
148  molecule  losing  an  O  atom, 


H„C  —  N  —  NO0 

Z  1  I  L 


H2  f>2 

C  N 


no2  -  N  -  ch2 


0  =  N-  N-  CH2  +  O 


148  amu 


132  amu 
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Beyer  in  ESR  studies  found  considerable  free  radicals  produced 
from  the  decomposition  of  HMX  at  260  C.  He  attributed  this  free 
radical  spin  resonance  to  the  formation  of  H2CN»  at  28  amu.  Figure  7 
shows  a  high  concentration  of  the  28  amu  peak  which,  in  all  probability, 
is  a  mixture  of  the  decomposition  products  CO,  N2,  and  H2CN.  He 
postulated  that  the  radical,  H2CN,  is  derived  from 

h2c  =  n-no2  — >  h2c  =  n»  +  no2 

74  amu  28  amu 


The  possibility  of  ring  migration  to  form  HN02  has  been 

2  4 

raised  by  Shaw  and  Walker. 
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The  ring  migration  can  result  in  either  of  two  bond  configurations: 


HNO,  - >  O-N-O-H  or  O-N-O 

i  i 


H 


However,  no  evidence  of  such  migration  has  been  found  in  the  experiments 
at  this  laboratory,  since  the  249  amu  peaks  were  not  observed.  Also, 

N  —  N  bond  rupture  to  produce  N02  species  does  not  appear  to  be  a  likely 
primary  decomposition  mode,  since  the  peak  at  250  amu  was  not  observed 
in  these  studies  and  those  by  others.  1 

Our  studies  yielded  an  activation  energy  of  17  5  kj/mol  (42  kcal/mol) 
for  the  decomposition  to  N02  groups,  as  shown  in  Fig.  8.  Goshgarian1 
reported  activation  energies  of  159  +  8  kj/mol  (38  +  2  kcal/mol)  from 
250  to  270  C  and  175  +  8  kj/mol  (42  +  2  kcal/mol)  from  271  to  280  C. 
McGuire1'1  reported  an  Ea  of  175  kj/mol  (42  kcal/mol)  from  the  decomposition 
of  HMX  to 


h2c  =  n  —  no2 

74  amu 

The  enthalpy  of  sublimation  obtained  by  Taylor  and  Crookes11  was  163  kj/mol 
(39  kcal/mol),  also  shown  in  Fig.  8. 
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The  proposed  primary  thermal  decomposition  mechanism  of  the 

cleavage  of  the  HMX  molecule  into  equal  fragments  of  148  amu  is 

compatible  with  thermodynamic  considerations.  The  very  high  specific 

heat  of  the  solid  HMX  compound  allows  adsorption  of  sufficient  enthalpy 

to  cause  the  rupturing  of  the  C—  N  bonds  of  the  highly  strained  ring 

2 

configuration.  It  has  been  calculated  that  the  C— N  bond  strength 
due  to  ring  strains  is  25  kcal/mol  less  than  the  normal  C— N  bond 
strength  in  aliphatic  amines  . 
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Fig.  1.  Dual  Vacuum  Mass  Spectrometer  System 
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Fig.  5.  Evaporation  and  Thermal  Decomposition  of  HMX 
in  an  Effusion  Cell  at  200  C 


Fig.  7.  Thermal  Decomposition  of  HMX  in  an  Effusion  Cell  at  225  C 


APPENDIX  II 


THERMAL  DECOMPOSITION  OF  1 , 3 , 5-TRIAMINO-2 , 4 , 6-TRINITROBENZENE* 

Milton  Farber  and  R.  D,  Srivastava 
Space  Sciences ,  Inc.,  Monrovia,  California 


The  products  of  sublimation  and  thermal  decomposition  of 
1 , 3 , 5-triamino-2 , 4,  6-trinitrobenzene  have  been  determined  mass 
spectrometrically  in  the  temperature  range  200  -  300  C  employing  both 
the  effusion  and  Langmuir  evaporation  methods.  Electron  impact 
ionization  energies  1  -  2  eV  above  appearance  potentials  were 
employed  to  eliminate  fragmentation  of  larger  species.  The  unusual 
crystal  structure  of  TAT B  results  in  long  C— C  bonds,  with  considerable 
hydrogen  bonding.  At  250  C  the  molecule  sublimed  readily,  with 
some  thermal  decomposition,  causing  the  splitting  of  the  molecule 
into  two  fragments  at  amu  144  and  114.  Further  fragmentation  of  these 
species  to  lower  amu  molecules  occured.  The  effusion  experiments 
produced  numerous  low  molecular  weight  species,  indicating  that  the 
initial  radicals  were  relatively  shortlived. 


♦This  research  was  supported  by  the  Department  of  the  Navy,  Office  of 
Naval  Research,  Material  Sciences  Division,  Power  Program. 


INTRODUCTION 

1 , 3 , 5 ,  -triamino-2 , 4,  6-trinitrobenzene  (TATB)  has  been  described 

as  an  unusual  molecule  (1,2)  .  The  unusual  crystallographic  structure 

of  the  molecule,  with  its  extremely  large  C— G  bond  lengths  and  inter- 

and  intramolecular  hydrogen  bonding,  results  in  considerable  thermal 

decomposition  as  well  as  its  molecular  evaporation.  Its  structure  is 

o 

quite  distorted,  with  C— C  distances  of  1.441  A  units,  considerably  larger 
than  the  average  C— C  bond  lengths  in  other  benzene  rings  (1)  .  It  has 
no  observable  melting  point  (2)  .  Its  activation  energy  has  been  reported 
by  Bailey  (3)  as  2  50.6  kj/mole,  its  heat  of  formation  as  -154.2  kj/mole 
by  Hardesty  and  Kennedy  (4),  and  its  heat  of  sublimation  as  168.3  kj/mole 
by  Shaw  (5)  and  by  Rosen  and  Dickinson  (6) .  Vacuum  sublimation  studies 
by  the  Langmuir  technique  were  conducted  by  Rosen  and  Dickinson  (6) 
in  the  temperature  range  129.3  to  177.3  G,  with  vapor  pressures  of 
7.33  x  10 10-8  and  1.67  x  10  5  mm  Hg,  respectively. 

Identification  of  the  products  formed  from  the  thermal  decomposition 
of  TATB  has  not  heretofore  been  reported,  although  the  rates  of 
decomposition  and  activation  energies  based  on  overall  heat  and  weight 
loss  of  the  solid  phase  material  have  been  determined  in  several 
studies  (1,2, 7, 8).  Therefore,  the  investigation  at  this  laboratory  was 
undertaken  to  definitively  identify  these  products  and  thereby  derive  a 
mechanism  for  the  initial  solid  phase  decomposition.  Two  mass 
spectrometric  techniques  were  employed:  the  evaporation  (Langmuir 
experiment)  method,  and  the  effusion  (modified  Knudsen  cell)  method. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

In  effusion  experiments  the  material  is  placed  within  an  effusion 
ceil  having  a  small  orifice  (less  than  1  mm  diameter)  which  allows  the 
pressure  of  the  gas  produced  from  evaporation  or  decomposition  to  be 
much  higher  (3  or  more  orders  of  magnitude)  within  the  cell  than  the 
surrounding  vacuum  (see  Fig.  1).  The  gas  products  collide  with  each 
other,  the  cell  walls  and  with  the  condensed  phase  many  times  prior  to 
their  effusing  from  the  cell  into  the  mass  spectrometer  chamber.  This  may 
cause  secondary  decomposition  and  fragmentation  , 


w 
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The  evaporation  (Langmuir)  method  is  one  in  which  the  material  is 
heated  within  the  main  vacuum  chamber  and  allowed  to  enter  the  mass 
spectrometer  chamber  without  further  decomposition  or  collision  with 
other  gaseous  molecules. 

Details  of  the  dual  vacuum  chamber-quadrupole  mass  spectrometer 
system  (Fig.  1)  used  in  these  experiments  have  been  presented 
previously  (9)  .  The  samples  (5  -  25  mg  of  powdered  TATB)  were  contained 
in  an  alumina  effusion  cell  25  mm  long,  with  an  inside  diameter  of  6.8 
mm;  an  elongated  orifice  0.75  mm  in  diameter  by  5.5  mm  long  was 
employed  for  beam  collimation.  The  cell  was  positioned  within  5  cm 
of  the  ionization  chamber  of  the  mass  spectrometer,  allowing  species 
leaving  the  solid  or  liquid  surface  to  be  measured  within  10  microseconds 
after  their  exit  from  the  cell.  The  alumina  cell  was  heated  by  a  resistance 
furnace  and  temperature  measurements  were  made  by  means  of  thermo¬ 
couples  imbedded  in  the  cell  body.  In  the  Langmuir  experiments  the 
sample  was  placed  in  an  open  alumina  shell  containing  a  thermocouple 
for  temperature  determination.  The  method  of  determining  ion  intensities, 
mass  spectrometer  resolution,  as  well  as  the  measurement  of  the  isotopic 
abundance  ratios,  has  been  presented  previously  (10)  .  All  quadrupole 
experimental  mass  discrimination  effects  were  taken  into  account  and 
the  necessary  corrections  to  ion  intensity  pressure  relationships  were  made. 
Only  the  chopped,  or  shutterable,  portion  of  the  intensities  was  recorded, 
since  the  mass  spectrometer  was  equipped  with  a  beam  modulator  and 
a  phase  sensitive  amplifier.  The  experimental  procedure  has  been 
described  in  detail  previously  (9-14)  .  127 j  and  254^  were  employed 
for  amu  calibration.  Partial  pressures  were  obtained  from  the  calibrated 
data  by  means  of  the  relationship 

-  i6y>°  „ 
pi  i  (<r  y),  pa 
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where  a  is  the  calibrated  species  and  o'  and  Y  are  respective  ionization 
cross-sections  and  electron  multiplier  corrections. 


It  was  necessary  to  ascertain  with  a  high  degree  of  confidence 
that  the  measured  ion  intensities  were  those  from  the  parent  species  and 
not  from  the  fragments  of  the  larger  molecules.  Therefore,  the  mass 
spectrometer  was  operated  at  an  ionizing  voltage  of  1  to  2  eV  above  the 
appearance  potential,  which  in  nearly  all  cases  allows  only  the  formation 
of  the  ion  from  the  parent  species  since  a  fragmentation  process  usually 
occurs  at  higher  ionization  voltages.  The  ionization  energies  employed 
were  between  14  and  18  ^jV. 

Fragmentation  of  ring  constituents  requiring  the  rupture  of  a  single 
bond  by  electron  impact  will  occur  at  lower  ionization  energies  than  will 
fragmentation  of  the  ring  itself  requiring  the  rupture  of  multiple  bonds. 

For  example,  Fig.  2  shows  the  effect  of  electron  impact  ionization 
energies  on  the  relative  intensities  of  the  parent  and  single  bond 
fragmentation  peaks  of  the  gaseous  TATB  molecule.  At  an  ionization 
energy  of  50  eV  the  removal  of  an  group  from  the  ring  is  readily 
accomplished  and  produces  a  fragment  at  amu  212  approximately  half  the 
intensity  of  the  TATB  molecule.  At  30  eV  the  fragment  peak  at  amu  212 
is  only  one-third  the  TATB  peak,  and  at  20  eV  is  one-sixth  the  TATB. 
Finally,  at  14  eV,  which  is  only  2  eV  above  the  appearance  potential  of 
TATB,  the  fragment  disappears.  This  appears  to  be  consistent  with  the 
fact  that  an  additional  electron  energy  of  5  eV  would  be  required  to  produce 
ionization  of  NC^  from  C— NC^  fragmentation  (15)  . 

RESULTS 

The  TATB  molecule  was  found  to  be  quite  stable,  with  little 
vaporization  below  200  C;  vapor  pressure  measurements  agreed  with  the 
results  of  Rosen  and  Dickinson  (6) . 

The  direct  evaporation  and  decomposition  of  TATB  were  studied 
by  the  Langmuir  method,  in  which  the  TATB  was  directly  heated  in  a  high 

_Q 

vacuum  (10  atm)  in  the  temperature  range  200  -  300  C.  At  250  C  the 
molecule  sublimed  readily,  with  some  thermal  decomposition.  The 
decomposition  intensities  increased  with  increasing  temperature,  as  did 
the  sublimation.  A  typical  mass  spectrum  of  the  products  of  sublimation 
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and  decomposition  is  presented  in  Fig.  3.  The  molecule  at  amu  258  is 
the  dominant  species,  with  decomposition  products  appearing  at  lower 
concentrations . 

The  Knudsen  method  was  employed  to  study  the  decomposition 
products  at  much  higher  intensities  resulting  from  beam  collimation 
and  from  a  higher  effusion  cell  pressure  (approximately  0.1  mm  Hg, 
several  orders  of  magnitude  greater  than  the  Langmuir  method) .  The 
relative  intensities  of  the  decomposition  products  varied  from  experiment 
to  experiment  and  with  time,  with  no  attempt  made  to  obtain  quantitative 
data.  At  250  C  considerable  decomposition  of  the  TATB  molecule  was 
produced  within  the  effusion  cell.  The  entire  mass  range  from  1  to  258  amu 
was  scanned.  The  decomposition  product  with  the  largest  mass  number 
was  the  amu  144  species.  Examples  of  other  large  fragments  from  the 
effusion  cell  experiments  appearing  at  mass  numbers  128,  114,  and  98 
at  250  C,  are  shown  in  Fig.  4.  The  molecule  appears  to  initially 
fragment  into  two  unequal  mass  fragments.  Due  to  the  higher  pressures 
within  the  effusion  cell,  species  monitored  by  the  mass  spectrometer 
had  a  higher  intensity  than  those  from  the  Langmuir  evaporation.  A 
comparison  of  the  species  intensities  at  250  C  is  presented  in  Table  1. 

The  primary  purpose  of  the  study  was  to  identify  the  species  as  they 
first  appeared  in  a  measurable  quantity,  io“^atm  partial  pressures  or 
greater,  and  thereby  deduce  the  mechanism  for  the  solid  state  decomposition. 
The  decomposition  products  from  the  effusion  cell  experiments  varied 
considerably  with  temperature,  indicating  gas  phase  and  gas-solid 
phase  decomposition  within  the  cell.  The  variation  in  intensity  with 
increasing  temperature  of  one  of  the  larger  fragments  of  decomposition, 
the  amu  114  species,  indicates  an  activation  energy  of  179.9  kj/mole. 

The  products  within  the  effusion  cell  continued  to  decompose  into 
smaller  species,  which  were  observed  in  fairly  large  concentrations. 

Relative  concentrations  of  these  species  in  the  low  amu  range  at  250  C, 
which  include  H,,,  NH2,  H20,  CO,  NO,  C02  and  N02,  are  presented 
in  Table  1 . 

DISCUSSION 

Since  the  Langmuir  experiments  allowed  a  free  sublimation,  and 
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probably  minimized  collisions  of  the  decomposition  radicals,  those  data 
were  employed  to  determine  the  decomposition  mechanism.  Qualitatively, 
nearly  equal  amu  144  and  114  peaks  were  observed  (Fig.  3  and  Table  1) . 
Thus  the  primary  decomposition  mechanism  is  ring  cleavage, 
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The  amu  144  species  is  in  all  probability  a  reactive  radical  with  a  short 
lifetime.  The  amu  114  molecule  is  probably  more  stable,  which  may 
account  for  its  much  larger  concentration  in  the  effusion  experiments. 
Although  mass  spectrometer  sampling  is  fast  (within  10  to  50  microseconds) , 
further  decomposition  may  occur  within  the  mass  spectrometer  ionization 
chamber.  This  would  explain  the  amu  128  peak  observed  in  the  Langmuir 
experiments  produced  from  the  larger  amu  144  radical. 
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The  amu  128  species,  may  be  more  stable  through  double  bond 

resonance  than  the  amu  144  radical,  accounting  for  its  larger  concentration. 

In  the  same  manner  the  amu  114  product  can  further  decompose, 
also  losing  an  amine  group,  to  produce  the  prominent  peak  at  amu  98, 
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A  peak  at  amu  86  was  observed;  its  relative  intensity  is  given  in  Table  1. 
This  species  could  be  produced  in  one  of  three  possible  decomposition 
processes.  Ring  cleavage  into  two  fragments,  at  86  amu  and  at  172, 
is  rather  unlikely  since  the  amu  172  species  was  not  observed  in  either 
study. 

There  is  the  possibility  that  the  prominent  amu  86  species  may 
occur  from  ring  splitting.  This  would  require  the  release  of  three  equal 
species  simultaneously 
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Since  further  decomposition  occurs  in  the  gas  phase  within  the 
effusion  cell,  the  peak  at  amu  70  may  result  from  the  amu  86  species  losing  a 
NH^  group. 
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From  the  studies  at  this  laboratory  it  appears  certain  that 

decomposition  of  solid  TATB  produces  radicals .  The  radicals  may  or  may 

not  have  long  half-lives  since  they  are  sampled  by  the  mass  spectrometer 

in  less  than  a  millisecond  after  exiting  the  ceil.  Continued  collisions 

within  the  effusion  cell  probably  produce  smaller  stable  fragments. 

Britt  and  Moniz  (7)  have  studied,  by  means  of  electron  spin  resonance, 

the  formation  of  free  radicals  resulting  from  irradiation  by  ultraviolet 

of  TATB.  They  recently  reported  that  a  considerable  concentration  of 

unknown  free  radicals  was  observed  by  means  of  ESR  of  the  thermal 

decomposition  of  TATB  at  a  temperature  of  350  C  and  at  a  pressure  of 

1  atm  (7) .  The  free  radicals  identified  mass  spectrometrically  at  this 

laboratory  were  obtained  at  somewhat  lower  temperatures  and  at  pressures 
-4 

less  than  10  atm. 

Sublimation  and  thermal  decomposition  results  have  been  reported 

by  Cady  and  Larson  (2) ,  who  investigated  the  structure  of  the  solid 

TATB  molecule.  From  crystallographic  experiments  they  determined  the 

o 

structure  and  bond  lengths  (in  A  units)  as  shown  in  Fig.  5.  As  can  be 

seen,  the  bond  lengths  are  distorted,  with  a  considerable  amount 

of  hydrogen  bonding  both  within  the  molecule  and  to  adjacent  molecules. 

Considerable  hydrogen  bonding  and  ring  stretching  was  also  reported  by 

Deopura  and  Gupta  (1)  .  Pertaining  to  the  unusual  behavior  of  the  molecule, 

Cady  and  Larson  (2)  commented  that  it  contained  extremely  long  C— C 

bonds  in  the  benzene  ring,  very  short  C—N  bonds,  and  six  bifurcated 

hydrogen  bonds.  The  average  bond  lengths  are:  C— C  1.441;  C—N  (nitro) 

o 

1.422;  C—N  (amino)  1.316;  and  N — O  1.243  (A).  Thermal  decomposition 
would  be  expected  as  a  result  of  the  stretched  bonds  in  the  unusual 
structure,  as  determined  in  the  mass  spectrometer  studies  at  this  laboratory 
and  thermal  decomposition  experiments  employing  ESR  and  DSC.  The 
fairly  high  enthalpy  introduced  into  the  solid  as  a  result  of  the  high 
specific  heat  (estimated  at  between  100  and  125  cal/deg/mole)  apparently 
is  sufficient  to  provide  the  necessary  energy  for  the  rupturing  of  these 
highly  distorted  bonds. 
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In  summary,  the  proposed  mechanism  for  the  decomposition 
of  TATB  was  derived  from  the  mass  spectrometer  data.  The  solid  phase 
molecule  absorbed  a  considerable  amount  of  enthalpy  and  then  ruptured, 
releasing  the  products  observed.  The  proposed  mechanism  is  consistent 
with  the  imprecise,  and  very  high,  melting  point  of  TATB  (approximately 
450  C) ,  crystallographic  spectra,  and  free  radicals  reported  from  ESR 
experiments . 
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Table  1 


RELATIVE  ION  INTENSITIES  OF  TATB  SUBLIMATION 
AND  THERMAL  DECOMPOSITION  AT  250  C 


to  vacuum 


Vacuum  Mass  Spectrometer  System 


Fig.  2.  Electron  impact  fragmentation  pattern  of  the  TATB 
molecule.  The  peak  at  amu  212  is  produced  within 
the  ionization  chamber  of  the  mass  spectrometer 
with  varying  relative  intensities  as  a  function  of  the 
ionizing  voltage. 


Relative  Intensity 
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